We outline the most recent technological advancements in the design, fabrication and characterization of polymer microstructured optical fibers (MOFs) for applications in the terahertz waveband. Focusing on specific experimental demonstrations, we show that polymer optical fibers provide a very flexible route towards THz wave guiding. Crucial incentives include the large variety of the low-cost and relatively low absorption loss polymers, the facile fiber preform fabrication by molding, drilling, stacking and extrusion, and finally, the simple fabrication through fiber drawing at low forming temperatures. Williams, and R. J. Twieg, "Broadband terahertz characterization of the refractive index and absorption of some important polymeric and organic electro-optic materials," J.
Introduction
The last decade has seen significant technical advances in the generation [1, 2] and detection [3, 4] of terahertz waves. Robust and compact pulsed and continuous-wave terahertz sources are now commercially available, and complete THz spectroscopy and imaging setups are now seeing market introduction [5] [6] [7] . However most of these THz systems are based on the bulky free-space-optics that require expert alignment and servicing, thus restricting the end-user appeal of these systems. One part of the solution, as distinctly demonstrated at telecom wavelengths, is to replace the free-space optical components with flexible optical fibers as the links between the individual optical components. The latter approach should result in a dramatic increase of the system performance and reliability, and a high level of integration for THz systems. Therefore, the development of the low-loss, low-dispersion, broadband THz fibers constitutes a key enabling component towards a new generation of applications for THz technology. The rationale for using plastics for making waveguides are many: they constitute cheap and widely accessible materials, have a facile low-temperature processing, and exhibit relatively low losses when compared to other dielectrics in the terahertz spectral range. In this contribution, we provide an overview of the latest technological progress in the design, fabrication and characterization of polymer microstructured optical fibers (MOFs) and polymer photonic bandgap (PBG) fibers for the guiding of terahertz waves. We first outline the main challenges for THz waveguiding and next present a selection of plastic MOFs and PBG fibers of various types that demonstrate promising results. Fig. 1 . (a) Refractive index and (b) bulk absorption coefficient in (cm −1 ) of common polymers used in the fabrication of THz waveguides. Legend: low-density polyethylene (LDPE), cyclic olefin copolymer (TOPAS®), high-density polyethylene (HDPE), Poly-tetrafluoroethylene (PTFE), polycarbonate (PC), polymethyl-methacrylate (PMMA), polyimide (Kapton®), polystyrene (PS), Polypropylene (PP). Data taken from Refs [8] [9] [10] .
Main challenges of the plastic-based THz fiber optics

Losses
Currently, the main obstacle in the design of THz dielectric waveguides resides in the large material losses that significantly limit the waveguide transmission efficiency. Plastic materials possess some of the lowest losses in the THz; however as shown in Fig. 1(b) , polymers still exhibit significant losses (~cm-1) in the terahertz frequency range [8] [9] [10] .
Therefore, the first challenge in designing THz waveguides is to minimize their propagation losses. Since dry air (and some other dry gases) possesses negligible THz absorption, one practical strategy for reducing modal propagation loss is to maximize the fraction of power that is guided outside the lossy material and within low-loss gaseous region. In what follows, we present several innovative designs of the porous, subwavelength, and hollow-core plastic fibers, that effectively employ the latter approach towards low-loss THz wave guiding. The ratio of the modal loss to bulk material losses can be evaluated to firstorder approximation [11] using the following expression where 1 2 Re( ) 
Solid core subwavelength fibers
One of the simplest plastic fibers that provide for a high fraction of power in the low-loss regions is the subwavelength core fiber introduced by Chen et al. [12] and effectively used in signal delivery and imaging applications [13, 14] . The fiber is a simple plastic wire having circular cross-section of subwavelength diameter. This step-index fiber allows single-mode HE 11 operation via total internal reflection guiding mechanism. Due to the subwavelength diameter of the solid core, the fundamental guided mode has a strong presence in the low-loss air cladding [see Fig. 2 Fundamental mode profile at 1 THz in a subwavelength porous core PE fiber (dfiber = 120 µm, dhole = 9 µm), and (c) in a subwavelength solid core PE fiber (dfiber = 120 µm).
In Figs. 2(b)-(c) we present the power distribution along the longitudinal direction (S z ) at 1 THz, in the porous polyethylene (PE) fiber and the solid core PE fiber of the same outer diameter (d fiber = 120 µm) as computed by full-vector finite-element calculations. We observe in the case of the porous fiber strong presence of the modal fields in the low-loss holes, while in the case of the solid-core fiber the modal fields are mostly concentrated in the lossy dielectric. It is thus not surprising that a porous fiber shows lower modal losses than a solid rod fiber of comparable diameter. This is due to the lower fraction of the modal power − as calculated with Eq. (1) − in the lossy material region for the porous fiber (f α = 12.3%), when compared to that for the solid core fiber (f α = 28.3%). shown in Fig. 3 , one indeed typically observes that the minimal transmission loss of a porous fiber is smaller than that of a solid core fiber of a comparable diameter.
We note that at low frequencies, modal losses of both fibers show strong increase due to onset of the scattering loss on the fiber microstructure defects and longitudinal fiber diameter fluctuations. At higher frequencies the modal loss shows sharp rise due to onset of the material absorption loss stemming from the stronger modal confinement inside the lossy dielectric region.
Additionally, it was demonstrated that porous fibers allows to both broaden and shift the transmission window towards higher THz frequencies compared to non-porous fibers of equal diameter [19] , as revealed in the transmission spectra presented in Fig. 3 (b) and Fig. 3 
(e).
Moreover, it can be shown that porous fibers exhibit a much smaller bending loss compared to the non-porous fibers of comparable transverse dimensions, which can be explained by stronger modal confinement inside of the porous core [17] .
Fabrication of the porous core subwavelength fibers
Similarly to standard solid core subwavelength fibers, porous polymer fibers are produced by drawing a plastic cylindrical preform − pierced by several holes − into a fiber. The main challenge in the fabrication of porous fibers then resides in preventing the holes from collapsing or getting partially obstructed during fiber drawing. We here present two different approaches for fabricating porous fibers that were successfully demonstrated: the sacrificial polymer technique, and the microstructured molding technique, as schematically presented in In the sacrificial polymer technique [ Fig. 4(a) ], rods of the sacrificial polymer (in this case PMMA plastic) are first stacked in a triangular lattice inside a polymer tube (here PTFE plastic) while ensuring the rods do not touch each other [18, 19] . All the remaining interstices in the tube preform are filled with granules of the fiber core polymer (in this example lowdensity PE). The ensuing all-polymer preform is then drawn at a temperature of 210°C. Finally, the drawn fiber is placed into a solvent bath so as to dissolve all the PMMA from the fiber and reveal the holes. Drawing of porous fibers is greatly simplified with the sacrificial polymer technique since the resultant perform is fully solid such that hole collapse is prevented. However, a post-processing step is required to remove the sacrificial polymer, which has currently limited the length of porous fibers that could readily be fabricated to several meters.
Porous fibers can also be fabricated using the microstructured molding technique [ Fig.  4(b) ] where the fiber preform is cast in a microstructured mold [19] . The resulting preform features air holes which have to be pressurized during drawing to prevent hole collapse. A schematic of the fabrications steps is shown in [Fig. 4(b) ]. First, a microstructured mold featuring suitably aligned capillaries (or rods) made from silica glass is fabricated, and PE granules are added to fill the entire preform. The tubular preform is then heated in a furnace so as to melt all the PE, and left to cool down. The bulk glass structure is removed from the preform by hand, with any glass residues dissolved in hydrofluoric acid. The preform is subsequently drawn under pressure. The pressure must be controlled to prevent holes from collapsing, or to further inflate the holes. This enables fabrication of fibers with porosities higher than the initial porosity of a preform. We note in passing that complex preforms for polymer MOFs have also been demonstrated using the extrusion method [21].
Dispersion
Another key obstacle which pertains to the transmission of broadband THz pulses is presented by the need of low waveguide dispersion. Many of the currently used THz sources emit broadband picosecond pulses. Therefore the efficient waveguide delivery of such pulses requires low transmission losses in the whole spectral window covered by the pulse, as well as low group velocity dispersion to prevent degradation of the pulse shape. In principle, for linear systems, dispersion compensation can be used to counteract the effects of waveguide dispersion and to reconstruct the original pulse shape; however this approach has not yet been explored in the THz frequency range.
Chromatic dispersion of the group velocity is typically quantified using the coefficient β 2 (in ps/THz/cm) corresponding to the second order term in the Taylor expansion of the modal propagation constant β with respect to the frequency of operation: . Typical dispersion values for the fundamental mode of a solid core subwavelength fiber are presented in Fig. 5(a) for various values of the fiber core diameter. As seen from this figure, the calculated GVD for the fundamental mode of a solid core subwavelength PE fiber can be quite high, reaching ~40 ps/THz/cm between 0.1 and 0.5 THz. For a given fiber diameter, GVD of the fundamental mode can be reduced by introducing porosity into the fiber core. In Fig. 5(b) , waveguide dispersion is presented for the fundamental mode of a fiber of 450 µm diameter as a function of the fiber porosity (defined as a ratio of the net area of all the air regions to the total cross-section area). By increasing porosity, the modal field becomes more and more delocalized in the air region. As a result, the corresponding modal effective refractive index becomes closer to that of air, thus explaining the reduced GVD experienced by the fundamental mode in porous fibers. We believe that GVD of less than 1 ps/THz/cm can be achieved in the low-loss porous fibers without sacrificing too much fiber guidance properties such as resilience to bending losses. A solidcore fiber using Topas® copolymer was recently demonstrated [22] to have low GVD in the range of ~ 2 ps/THz/cm for frequencies between 0.2 and 1.4 THz. This was achieved by using a material with low material dispersion [see Fig. 1(a) ], as well as through waveguide dispersion engineering.
Within their low-loss transmission windows, the chromatic dispersion of the fundamental or dominant waveguide mode in hollow-core fibers is generally negligible, with reported values below 0.01 ps/THz/cm [9, 23] . The low-dispersion stems from the fact that the HE 11 and TE 01 modes − the main modes of interest in hollow-core fibers with a diameter much larger than the wavelength of light − have most of their guided power within the low-loss and dispersion-less air core, and outside the dielectric cladding, thus resulting in the low-loss and low-dispersion waveguiding.
Packaging of subwavelength fibers
While a highly delocalized field is favorable for lowering absorption losses in the material; on the other hand it is a major inconvenience when handling the fiber during normal operation because of the strong perturbation induced to the mode through direct manipulation of the fiber or via holders (such as strings and other apparatus) used for maintaining the fiber into position. Hence the issue of core encapsulation is crucial for subwavelength dielectric fibers.
There are two principal incentives for encapsulating the solid/porous core of a fiber within an outer polymer tube as shown in Fig. 6 . First, the solid tubular cladding confers greater mechanical stability and shielding for the subwavelength-sized core, thus allowing smaller bending radii and protection against the accumulation of dust and other surface contaminants. Second, the outer tube cladding prevents the highly delocalized core-guided mode from interacting with the surrounding environment, thus eliminating cross-talk noise with adjacent waveguides, and perturbation-induced losses incurred by direct manipulation of the fibers or due to fiber holders. Moreover, core encapsulation opens the way for the simple and economical purging of the low volume tube cladding with dry air so as to eliminate losses due to water vapor typically present in the ambient environment. Images of the output Ex-polarized near-field profiles from both fibers were obtained using a terahertz near-field imaging system that utilizes a scanning photoconductive antenna as a near-field probe. More details on the utilized near-field microscopy setup will be given in Section 4 ("Experimental characterization of THz waveguides"). Figure 7 presents the experimentally measured output near-field profiles at selected frequencies for the suspended small solid core fiber (top row) and the suspended large porous core fiber (bottom row). The complex modal structure pictured in Fig. 7 stems from the various guiding mechanisms that co-exist in this waveguide depending on the excitation frequency. Taking the solid core fiber as the illustrative example, we can identify two main regimes of light propagation in this suspended core fiber. The first guidance regime, which occurs near 0.16 THz (top row of Fig. 6 ), is due to anti-resonant ("ARROW") guidance by the encapsulating tube. In this regime the mode is essentially insensitive to the central structure of the suspended core; and instead, has a strongly delocalized field that completely fills the inner tube region. This guide mode has a propagation efficiency dictated by the Fabry-Pérot resonant conditions in the tubular cladding of finite thickness. As a result, a narrow resonant transmission peak at 0.16 THz can be observed in the transmission spectrum of the fiber [see Ref. 24] .
The second propagation regime (see modal field distributions at 0.30 THz and 0.48 THz in top row of Fig. 7) represents the main regime of interest where the mode is guided by the total internal reflection in the suspended-in-air high-refractive-index core. The propagation in this case is effectively-single-mode. Moreover, the suspended solid core fiber showed low-loss single mode guidance in the 0.28 − 0.48 THz spectral region, with a minimum propagation loss value of less than 0.02 cm Fig. 7] indicates that a large fraction of power is guided within the low-loss air regions and well inside of the tubular jacket. The crucial point here is that in this effectively-single regime, the guided mode remains shielded at all times from external perturbations by virtue of the protective outer tube cladding.
Hollow-core fibers
Another practical approach to low-loss guiding is presented by guiding THz radiation in the hollow-core fibers. A classical result for guiding in straight capillaries predicts propagation losses scaling as λ 2 /a 3 with the bore radius a. Therefore in principle, propagation losses can be set arbitrarily low simply by enlarging the bore diameter. However, the downside of increasing the bore diameter is in the increased bending losses and the highly multimode guidance resulting in a low spatial quality of the guided beams.
Anti-resonant reflecting optical fibers
The first type of hollow-core fiber consists of a thin tube that guides using anti-resonant reflections from its walls to confine the light in the hollow core. Such fibers are typically referred as ARROW waveguide for "anti-resonant reflecting optical waveguide" [25] . Making use of a simple Fabry-Pérot resonator model, one can predict the periodic spacing between two adjacent resonant frequencies in the fiber transmission spectrum [25]: 2 2 , 2
where n core and n clad respectively designate the refractive indices of the gaseous core (usually air) and that of the polymer tube cladding, while c is the light velocity in vacuum, and t stands for the wall thickness of the tube cladding. From Eq. (3) we note that the periodic spacing between two resonant frequencies is inversely proportional to the wall thickness. Hence, in an ARROW fiber, in order to obtain the widest spectral separation between two resonant frequencies (and consequently the widest transmission windows) it is necessary to have the thinnest possible wall, often below sub-millimeter dimensions. ARROW guidance is demonstrated in Fig. 8 where the transmission spectra of two polymer tubes, one 1.6 mm-thick polyethylene (PE) tube and a 0.30 mm-thick Teflon (PTFE) tube, are compared. We note that the refractive index values of bulk PE and PTFE remain relatively constant, at 1.534 and 1.560 respectively, inside the investigated range of frequencies. The output spectrum of the thick-wall tube [ Fig. 8(b) ] exhibits many narrowly spaced transmission windows of roughly 0.08 THz bandwidth; while that of the thinner tube [ Fig. 8(d) ] has wider transmission windows of nearly 0.52 THz.
Bragg fibers
The main drawbacks of thin-walled tubes are that they are challenging to fabricate, highly fragile and very sensitive to external perturbations while handling them. An alternative and more robust solution to light confinement in the hollow core, namely Bragg fibers, exploits resonant reflections from a periodic multilayer reflector surrounding the hollow core region. The periodic reflectors in Bragg fibers are composed of two alternating dielectrics featuring a high-refractive-index contrast [example in Fig. 9(a) ] in order to maximize fiber transmission bandwidth [26] . The potential of all-polymer Bragg fibers for the transmission of terahertz light was first identified [27] and later achieved in [9] . The transmission characteristics of Bragg fibers are mainly determined by the first few layers in the reflector adjacent to the hollow core. Bragg fibers can therefore have a thick cladding that confers greater mechanical stability and lower sensitivity to the environment compared to the thin-walled ARROW fibers. Two types of the high-refractive-index-contrast polymer Bragg fibers for terahertz wave guiding have been recently fabricated and characterized [9, 28] . In Figs. 9(b)-(c) we show the fiber cross-sections and in Fig. 9 (d) the theoretical energy flux distribution of the fundamental HE 11 mode propagating in such fibers. The first type of Bragg fiber [ Fig. 9(b) ] comprises a reflector made of the low refractive index (n L =1.567) pure PE layers and high refractive index (n H =2.985) 80 wt.% TiO 2 -doped PE layers. The second type of fabricated Bragg fiber [ Fig.  9(c) ] is made of air-polymer bilayers. In the last case, fine PMMA powder particles are used as spacers in order to maintain a certain air gap between each PE layers.
To fabricate the air-polymer Bragg fiber, a PMMA powder with an average particle size of 150 µm was randomly laid out on top of two touching 127 µm thick PTFE films. The films were subsequently rolled around a mandrel to form the Bragg fiber. The resulting air-polymer Bragg fiber had an inner diameter (ID) of 6.73 mm and a reflector composed of five bilayers consisting of 254 µm PTFE and 150 µm thick air layers. To fabricate the titania-doped PE Bragg fiber, a mixture of 80 wt.% TiO 2 powder and PE was prepared using a twin-screw extruder. The extrudate was cut into pellets and subsequently extruded into film. An all-solid bilayer was formed by pressing doped and undoped films together with a hot press, yielding high-index doped PE layers and low-index undoped PE layers of 135 µm and 100 µm thickness respectively. The bilayer was then rolled into a Bragg fiber (ID = 6.63 mm).
The transmissions (T) through the two Bragg fibers, as well as the upper bounds for the fiber propagation losses (calculated as:
) were experimentally measured [9] . The results (not shown here) established that both types of Bragg fibers feature relatively broad transmission windows (bandwidth > 0.5 THz) and relatively small transmission losses (~0.05 cm periodic reflectors. Particularly, while high refractive dopants can enhance the refractive index of a composite material − which would have a positive impact on the bandgap size − it will also increase the intrinsic material loss, which may eventually result in the bandgap destruction. Therefore one has to tune the individual layer thicknesses and doping concentration of the lossy high refractive index composite in order to create very wide bandgaps with relatively low-losses. However, this may be achieved only in some range of frequencies (typically lower frequencies) for which the absorption losses of the composite material is not too large so as to effectively destroy the bandgap confinement mechanism of the Bragg reflector. We also mention in passing the recent demonstration of a novel type of bandgap-guiding porous-core (and hollow-core) "honeycomb" fiber that featured a 0.35 THzwide fundamental bandgap centered at 1.05 THz [29]. 
Experimental characterization of THz waveguides
Fast reconfigurable THz-TDS setup for fiber transmission measurement
Contrary to standard Terahertz Time-Domain Spectroscopy (THz-TDS) setups that are tuned for pointwise measurements of samples in the focal-point-to-focal-point configuration (using off-axis parabolic mirrors), elongated waveguides require a different setup in order to accommodate waveguides of widely different lengths. To this end, we here describe a reconfigurable setup featuring an adaptable path length capable of accommodating waveguides of different lengths [19] . A schematic of the setup is presented in Fig. 10 (a) and a photo of the actual setup is shown in Fig. 10(b) . The setup features two mirror assemblies mounted on two independent sets of rails so as to allow quick and easy adjustment of the THz optical path (Rail 2), and to allow insertion of a waveguide (Rail 1). In this scheme, a fixed parabolic mirror (PM) focuses the THz radiation into the waveguide, therefore the in-coupling plane remains fixed; while the output of the waveguide is positioned at the focal point of another PM mounted on Rail 1 which can be appropriately translated in order to adapt to the varying lengths of different waveguides. This approach successfully measured THz waveguides of up to 50 cm in length [19] . We also note that the same setup may be used for pointwise sample measurements by simply displacing the PM mounted on Rail 1 such that its focal point coincides with that of the first PM (on the left). From the Fourier transformation of the sampled time-domain signal, we find that the maximum resolved frequency ( max f ) and the spectral resolution ( df ) of the acquired data are related to the delay line motor step size ( dx ) and the total delay line displacement ( x ∆ ) through max (2 ) f c dx = and (2 ) df c x = ∆ , respectively. Hence, in order to measure with 0.01 THz resolution a typical THz pulse spectrum that extends from 0 to 3 THz, the corresponding setup requirements are max 5 f > THz (thus 30 dx < µm) chosen so as to avoid spectral artifacts, and 15
THz near-field imaging for fiber mode profiling
It is often instructive to also study the precise nature of the modal composition in waveguides so as to gain deeper insight in the propagation mechanisms at play in a given waveguide at a given excitation frequency. The latter can be accomplished through direct near-field imaging at the fiber output facet [32, 33] . The near-field images of the output field profiles of the suspended core fibers in Fig. 7 were obtained using a terahertz near-field microscopy system based on the implementation of photoconductive antennae acting first as the coherent xpolarized THz pulse source and as a near-field probe (see Fig 11) [34,35]. This powerful characterization technique provides subwavelength spatial resolution (~λ/20) images with time-frames of sub-picosecond temporal precision. After Fourier transform of the time-domain data, frequency-dependent, two-dimensional near-field maps (xy distribution) of the transverse |Ex|-field were captured by raster scanning of the fiber crosssection with the probe detector yielding a 60×60 pixels resolution in a 6 mm 2 area that covered the whole output facet of the fibers. By rotating the polarization-sensitive detector by 90
• allows further mapping of |Ey|-field component. This technique thus enables the separate in-plane vector field reconstruction of the waveguide mode profiles.
Conclusion
We have presented a review of the recent advances of the past 5 years in the theory and the experimental fabrication and characterization of polymer microstructured optical fibers for the terahertz range. Strong emphasis has recently been put towards reducing the propagation losses stemming from the large intrinsic losses of most materials in the terahertz range. We presented several innovative designs − of both solid core fibers and hollow-core fibers − that attempt to mitigate these losses by maximizing the fraction of guided power outside of the solid material, and within low-loss air. The same strategy works for reducing the detrimental effects of waveguide dispersion on THz pulse propagation, as demonstrated using porous fibers. We note that the choice of type of fiber, solid (or porous) core fiber versus hollow-core fiber, depends essentially on the intended user application. For example, if the priority is beam quality, as in fiber-scanning near-field imaging, then a subwavelength (solid / porous) core fiber is the most suitable solution because of the single-moded and Gaussian-like mode profile. However, for efficient THz signal delivery one might prefer hollow-core fibers that theoretically provide lower losses and lower dispersion capabilities, as well as the possibility to engineer relatively wide bandgaps at higher frequencies.
Moreover, two relatively recent and complementary techniques for the optical characterization of THz waveguides were presented. A fast reconfigurable THz-TDS setup capable of accommodating straight waveguides of up to 50 cm in length, and measuring their THz transmission, was first described. The use of THz near-field imaging for assessing the output mode profile of polymer fibers was also discussed.
The recent results show that polymer-based waveguide technology is well suited to tackle the challenges of THz wave guiding. Towards that end, polymer materials possess several key incentives: they constitute relatively low-loss THz materials, offer a wide variety of chemical formulations with different thermo-mechanical properties, are cost-effective and easy to process, and thus amenable to an industrial-scale deployment of plastic-based THz waveguides and devices.
